Introduction {#j_raon-2017-0034_s_001}
============

Cisplatin is used for the treatment of variable types of cancers (testicular, bladder, ovarian, endometrial, cervical, lung, head and neck), and primarily systemically used as single drug or in combination with other drugs and/or in combination with radiation therapy, immunotherapy or other targeted therapies.[@j_raon-2017-0034_ref_001]-[@j_raon-2017-0034_ref_003] Despite many efforts in adapting an appropriate therapy schedule with cisplatin, the treatment of patients with cisplatin induces side effects, and cancer cells can acquire resistance to cisplatin through different mechanisms. Among these mechanisms, the inactivation of cisplatin via thiol-containing molecules, such as glutathione and metallothionein, increased the repair of cisplatin-DNA adducts, enhanced tolerance to cisplatin-DNA adducts, resulting in the failure of apoptotic pathways and reduction of platinum accumulation through decreased drug uptake or increased drug efflux.[@j_raon-2017-0034_ref_004]-[@j_raon-2017-0034_ref_008] Therefore, overcoming side effects and acquired resistance of cells to cisplatin during the treatment of patients with cisplatin still remains the main challenge in studies of platinum analogues. Modification of platinum compounds with variable ligands (iminoethers, aliphatic amines, amine piperazine and pyridine) in the *trans* position of ligands resulted in variable cytotoxic effects.[@j_raon-2017-0034_ref_009]-[@j_raon-2017-0034_ref_017] Pyridine ligands with hydroxyl groups, which participate in the formation of stable complex between DNA and platinum compounds, were demonstrated as promising ligands in activating platinum (II) compound cytotoxicity.[@j_raon-2017-0034_ref_009],[@j_raon-2017-0034_ref_011],[@j_raon-2017-0034_ref_014],[@j_raon-2017-0034_ref_018]-[@j_raon-2017-0034_ref_020] Recently, we reported that two 3-hydroxymethylpyridine (3-Hmpy) ligand in the *trans* position in the platinum (II) complex increased cytotoxicity *in vitro* and antitumour effectiveness *in vivo*.[@j_raon-2017-0034_ref_021]

The effectiveness of chemotherapeutic drugs relies on their uptake into tumour cells. For poorly permeable drugs, higher doses are needed for effective cytotoxicity to tumour cells, consequently producing higher side effects. Cisplatin is a poorly permeable drug; therefore, many approaches have been examined to increase its uptake, *i*.*e*., using nanoparticles, magnetic particles, liposomes, and tumour-specific antibodies and chemically or physically inducing pores in the cell membrane.[@j_raon-2017-0034_ref_016],[@j_raon-2017-0034_ref_022]-[@j_raon-2017-0034_ref_023] Among physical approaches, electroporation, inducing pores in the cell membrane via electric pulses, could be used.[@j_raon-2017-0034_ref_024] Electroporation increases the cytotoxicity up to 80-fold in cisplatin-sensitive and cisplatin-resistant tumour models, *in vitro* and *in vivo*.[@j_raon-2017-0034_ref_025]-[@j_raon-2017-0034_ref_029] The treatment of tumour nodules with the local application of electric pulses after systemic or local administration of drug is referred to as electrochemotherapy. Electrochemotherapy with cisplatin is currently used for the treatment of variable cutaneous and subcutaneous tumours in human and veterinary clinics, showing a local effectiveness of up to 80% of local tumour control.[@j_raon-2017-0034_ref_030]-[@j_raon-2017-0034_ref_033] The antitumour effectiveness of electrochemotherapy primarily relies on increased drug uptake and platinum binding to DNA.[@j_raon-2017-0034_ref_025],[@j_raon-2017-0034_ref_029],[@j_raon-2017-0034_ref_034] However, some effects might be attributed to immune system modulation and changes in tumour blood flow.[@j_raon-2017-0034_ref_027],[@j_raon-2017-0034_ref_035]-[@j_raon-2017-0034_ref_036]

Thus far, electroporation has been used to increase antitumour effectiveness of platinum (II) analogue 3P-SK containing squarato (skv = 3,4-dioxocyclobut-1-ene-1,2-diolate) and 3-Hmpy ligands (3P-SK, \[Pt(3-Hmpy)~2~(skv)\]). Indeed, 3P-SK electrochemotherapy treatment had a profound antitumour effectiveness in mouse MCA mammary carcinoma, demonstrating 3P-SK as the first biologically active squarato compound with two 3-Hmpy ligands *in vivo*.[@j_raon-2017-0034_ref_019]

The promising cytotoxic and antitumour effectiveness of compound **2** from a previous study[@j_raon-2017-0034_ref_021] encouraged us to assess the electroporation, as drug delivery method, for compound **2** in *in vitro* and *in vivo* tumour models with different intrinsic sensitivities to cisplatin. *In vitro*, clonogenic assays were performed to demonstrate the cytotoxicity of compound **2**. The cytotoxicity of compound **2** alone or in combination with electroporation was investigated in sarcoma cisplatin-sensitive TBLCl2 cells and the cisplatin-resistant subclone TBLCl2Pt, and in sarcoma SA-1 cells with moderate sensitivity to cisplatin, based on *in vitro* data.[@j_raon-2017-0034_ref_025],[@j_raon-2017-0034_ref_037] Furthermore, the antitumour effectiveness of compound **2** electrochemotherapy using tumour growth delay assay was determined in the same sarcoma tumour models *in vivo*. In addition, the animal body weight loss was monitored to estimate the influence of the intratumoural administration of compound **2** and local application of electric pulses to the tumour on animal wellbeing. To clarify the underlying mechanism of antitumour effectiveness of compound **2** electrochemotherapy, the amount of platinum in serum and the platinum uptake into tumours, and platinum binding to DNA were measured.

Materials and methods {#j_raon-2017-0034_s_002}
=====================

Drugs {#j_raon-2017-0034_s_002_s_001}
-----

Cisplatin (CDDP, Cysplatyl, Aventis Laboratory, Paris, France) was dissolved in sterile water at concentration of 10 mM and frozen in aliquots at -20°C until further use. The compound **2** (*trans*-\[PtCl~2~(3-Hmpy)~2~\] was synthesized at the Faculty of Chemistry and Chemical Technology, University of Ljubljana (Ljubljana, Slovenia)[@j_raon-2017-0034_ref_021] and dissolved in *N*,*N*-dimethyl-formamide (DMF, Sigma-Aldrich Co. LCC, St. Louis, MO) at a concentration of 10 mM and frozen in aliquots at -20°C until further use.

In the *in vitro* experiments, concentrations of CDDP and compound **2** ranging from 1.7 μM to 1333 μM were prepared in a sterile electroporation buffer (EP buffer, 125 mM sucrose, 10 mM K~2~HPO~4~, 2.5mM KH~2~PO~4~, and 2 mM MgCl~2~ × 6 H~2~O) immediately prior to the experiments.

In the *in vivo* experiments, fresh solutions of CDDP and compound **2** were prepared in sterile NaCl solution (0.9%) at a final concentration of 13.3 mmol/kg.

Tumour cell lines {#j_raon-2017-0034_s_002_s_002}
-----------------

Mouse SA-1 sarcoma cells (Jackson Laboratory, Bar Harbor, ME, USA), mouse TBLCl2 sarcoma cells and the cisplatin-resistant subclone TBLCl2Pt (generously provided by J. Belehradek of the Institute Gustave Roussy, Villejuif, France)[@j_raon-2017-0034_ref_038] were used for the *in vitro* experiments. The SA-1, TBLCl2 and TBLCl2Pt cells were cultured in a humidified incubator at 37°C and 5% CO~2~ in advanced minimum essential media (AMEM, Gibco, Life Technologies Corporation, Grand Island, NY, USA), supplemented with 5% of foetal bovine serum (FBS, Gibco). Two days after sub-culturing, the cells in the exponential phase of growth were obtained and used for the cytotoxicity experiments or for the induction of subcutaneous tumours.

Animals and tumour models {#j_raon-2017-0034_s_002_s_003}
-------------------------

Animal experiments were conducted in accordance with the Veterinary Administration of the Republic of Slovenia (permission No: 34401-10/2009/6). Inbreed A/J and C57Bl/6 mice, females 10-12 weeks old, were purchased from the Institute of Pathology, Medical Faculty, University of Ljubljana (Ljubljana, Slovenia) and acclimated to the facility for 10 days. The mice were maintained under specific pathogen-free conditions, at a constant room temperature in a 12-hour day/night light cycle. Food and water were provided *ad libitum*. Subcutaneous tumours were induced via the injection of 100 μL of cell suspension in the right shaved flank of mice; injection of SA-1 sarcoma tumour cell suspension (5 × 10^6^ cells/mL; obtained from ascites of the donor animal) in A/J mice; injection of TBLCl2 sarcoma (25×10^6^ cells/mL; obtained *in vitro*) and TBLCl2Pt cell suspension (40×10^6^ cells/mL; obtained *in vitro*) in C57Bl/6 mice.

Cytotoxicity of electrochemotherapy *in vitro* {#j_raon-2017-0034_s_002_s_004}
----------------------------------------------

In the experiments, variable groups were used: control (untreated cells), CDDP or compound **2** (5 minutes incubation of cells with drug), electroporation (EP, cells exposed to application of electric pulses), electrochemotherapy (ECT, cells exposed to combination of EP and drug, CDDP or compound **2**). Briefly, cell suspensions of SA-1, TBLCl2 and TBLCl2Pt sarcoma cells in EP buffer at concentration 2.2×10^7^ cells/mL were prepared via the trypsinization (Trypsin, Gibco) of two day-old monolayers. The cytotoxicity of treatments was determined using a clonogenic assay. In the EP group, 5 μL of EP buffer was added to 45 μL (1×10^6^) of cell suspension and subsequently placed between two parallel stainless-steel plate electrodes at a 2-mm distance and thereafter exposed to 8 electric pulses (electric field over distance ratio of 1300 V/cm, duration time of each pulse 100 μs, at frequency of 1 Hz; generated at Jouan GHT 1287, St. Herblain, France).[@j_raon-2017-0034_ref_026],[@j_raon-2017-0034_ref_027] In CDDP or compound **2** groups, 45 μL (1×10^6^) of cell suspension was diluted with 5 μL of drug solution at a ten times higher final concentration (1.7 μM-1333 μM). In the ECT group, 45 μL (1×10^6^) of cell suspension was diluted with 5 μL of drug solution at a ten times higher final concentration (1.7 μM-1333 μM) and immediately exposed to electric pulses. Regardless of the treatment, the cells were incubated for 5 minutes at room temperature (22°C) in an ultra-low attachment 24-well plate. Subsequently, the cells (50 μL) were diluted in 1 mL of fresh medium and a variable number of cells were seeded onto a Petri dish (diameter = 6 cm; 200 to 800 cells/Petri dish) for clonogenic assay. In 7-14 days, viable clonogenic cells formed colonies that were stained with crystal violet (0.005%, Sigma, St. Louis, USA), and only the colonies containing at least 50 cells were counted. The experiment was repeated three times, and each group comprised three replicates.

Electrochemotherapy of tumours *in vivo* {#j_raon-2017-0034_s_002_s_005}
----------------------------------------

The antitumour effectiveness of electrochemotherapy was evaluated using a tumour growth delay assay. When subcutaneous tumours grew to a volume of 40 mm[@j_raon-2017-0034_ref_003] in approximately 7-14 days, the animals were divided randomly in experimental groups: control (untreated tumours), CDDP or compound **2** group (intratumoural injection of 50 μL drug solution, CDDP or compound **2**), EP (local application of 8 electric pulses in two perpendicular directions (4+4), with electric field over distance ratio of 1300 V/cm, 100 μs long, 1 Hz, using two plate parallel stainless-steel electrodes 7 mm apart placed percutaneously at the opposite margins of tumour; generated by Jouan GHT 1287, St. Herblain, France) and combined treatment, electrochemotherapy, *i*.*e*., 60 seconds after intratumoural injection of 50 μL drug solution electric pulses were applied. Each experimental group comprised 6 to 12 animals. The antitumour effectiveness of therapies was followed by measuring three orthogonal tumour diameters (a, b, c) every other day after therapy using a Vernier calliper and the tumour volume was subsequently calculated using the formula a×b×c×π/6. The tumour doubling time for each experimental group based on, tumour growth delay (the tumour doubling time for each experimental group subtracted from the tumour growth delay of control group), was determined as the endpoint of antitumour effectiveness of electrochemotherapy with cisplatin or compound **2**. Growth of treated tumours was followed up to a volume of 350 mm^3^ or in the case of completely regressed tumours, up to 100 days after the treatment (complete response, CR). At these times, the animals were humanely sacrificed via cervical dislocation. Potential side effects of therapies were determined after weighing the animals and assessing behaviour and locomotion.

Platinum determination in tumour and serum {#j_raon-2017-0034_s_002_s_006}
------------------------------------------

Measurements of platinum in the serum, tumours and platinum bound to the DNA in the cells were performed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies, model 7700x, Tokyo, Japan), which monitored the ^195^Pt isotope. To determine platinum accumulation in the serum at different time points after treatment (3 minutes, 1 hour, 8 and 24 hours), the blood was collected using a glass capillary from intraorbital sinus (8 samples per group) and coagulated at room temperature for two hours. Subsequently, the blood was centrifuged at 3000 rpm for 10 minutes, and the serum was collected and stored at -20°C. Furthermore, the total volume of serum samples was digested in 1 mL of 1:1 mixture of 65% nitric acid (MERCK KgaA, Darmstadt, Germany) and 30% hydrogen peroxide (MERCK KgaA, Darmstadt, Germany) at 90°C for 48 hours. The obtained clear solutions were diluted with Milli-Q water and analysed using ICP-MS.

To obtain tumour samples for platinum determination, the animals were humanely sacrificed immediately after the blood was collected. Tumours were excised (8 samples per group), removed from the overlying skin, weighed and stored at -20°C. Subsequently, the tumours were digested in 2 mL of 1:1 mixture of 65% nitric and 30% hydrogen peroxide) at 90°C for 48 hours, diluted with Milli-Q water and analysed using ICP-MS.

For measurements of platinum binding to the DNA in the tumour cells, the tumours were obtained as described above. However, the tumours were weighed, immediately mechanically degraded and washed with 3 mL of freshly prepared PBS. Collected samples were filtered through a cell strainer with a pore size of 40 μm (Corning Incorporated, Life Sciences, Durham, USA) and centrifuged at 1500 rpm for 10 minutes. The collected cells were used for the fast DNA isolation using a salting-out protocol. First, the cells were lysed with lysis buffer (10 mM Tris-HCl, 1 mM EDTA, and 1% SDS) containing proteinase K (0.2 μg/mL) at 55°C and constant shaking for 30 minutes. The proteins in the cooled samples were precipitated using 120 μL of 4 M NaCl and shaking for 15 seconds. The precipitated proteins were two times centrifuged at 13000 rpm for 6 minutes. DNA was precipitated from the obtained supernatant using 1 mL of ethanol (70%) for 2 minutes by gentle mixing of tube and centrifugation at 13000 rpm for 2 minutes. The precipitated DNA was washed with an additional 1 mL of ethanol (70%) and centrifuged at 13000 rpm for 2 minutes. The pellet of DNA was dried, dissolved in 100 μL of distilled water. The concentration of DNA in the samples was spectrophotometrically determined at 260 nm (Epoch, Take3, Bio Tek Germany). Finally, the samples of DNA were digested using the same procedure described above and the platinum binding to DNA was determined in the diluted samples using ICP-MS.

Statistical analysis {#j_raon-2017-0034_s_002_s_007}
--------------------

Statistical analysis was performed using SigmaPlot software (Systat Software, Chicago, IL, USA). The Shapiro-Wilk test was used to determine the normality of data distribution. The differences between mean values of experimental groups were tested using the t-test or one-way ANOVA, followed by the Holm-Sidak test for multiple comparisons. Values of p \< 0.05 were considered significant.

Results and discussion {#j_raon-2017-0034_s_003}
======================

Recently, discovered biological activity of *trans* platinum complexes with planar aromatic N-donor base[@j_raon-2017-0034_ref_021], encouraged us to examine compound **2** with electroporation (electrochemotherapy) as a drug delivery approach in tumour cells with different intrinsic sensitivities to cisplatin *in vitro* and tumour models *in vivo*. *In vitro*, compound **2** electrochemotherapy was effective in cisplatin-sensitive and cisplatin-resistant cells. However, its cytotoxic effect (at the IC~50~ level) was less evident compared to cisplatin electrochemotherapy, with up to 4-fold in cisplatin-sensitive TBLCl2 cells, up to 1.6-fold in moderately cisplatin-sensitive SA-1 cells and up to 15-fold in cisplatin-resistant TBLCl2Pt cells. Similar to *in vitro* data, growth of tumours with variable intrinsic sensitivity to cisplatin (sensitive, moderately sensitive and resistant) after compound **2** electrochemotherapy was less delayed (up to 9.7 days) compared to cisplatin electrochemotherapy. As expected, the most evident antitumour effectiveness of compound **2** and cisplatin electrochemotherapy was obtained in cisplatin-sensitive TBLCl2 tumours, resulting in 11% and 67% of cured tumours, respectively. However, compound **2** electrochemotherapy induced less animal body weight loss compared to cisplatin electrochemotherapy and considering its antitumour effectiveness could be potentially used in further investigation.

Electrochemotherapy with cisplatin or compound 2 efficiently decreased cell survival, *in vitro* {#j_raon-2017-0034_s_003_s_001}
------------------------------------------------------------------------------------------------

Cytotoxicity of platinum compound with 3-hydroxymethilpyridine ligands in *cis* and *trans* position has previously been demonstrated in various human and mouse tumour cells.[@j_raon-2017-0034_ref_019]-[@j_raon-2017-0034_ref_021] First, in mouse B16 melanoma cells, *cis* platinum (II) compound with acyclovir (acv, (9-\[(2-hydroxyetoxy)methyl\] guanine)) and 3-Hmpy (\[Pt(\[(acv-*N*7)~2~(3-Hmpy)~2~\] (NO~3~)~2~) was 1600-fold less cytotoxic compared to cisplatin. Furthermore, an increase of cytotoxicity in cisplatin-sensitive and cisplatin-resistant human tumour cell lines was obtained using another platinum (II) compound 3P-SK containing 3-Hmpy and squarato ligands.[@j_raon-2017-0034_ref_019] However, the enhancement of cytotoxicity was less pronounced compared to cisplatin, particularly in cisplatin-sensitive cells, with a 42-fold enhancement in MCF7 mammary carcinoma, and a 10-fold enhancement in T24 bladder carcinoma and IGROV ovarian carcinoma cells. The compound 3P-SK was least effective in cisplatin-resistant IGROV/RDDP ovarian carcinoma cells, showing only a 3-fold increase in IC~50~ value compared to cisplatin.[@j_raon-2017-0034_ref_019] Further synthesis of platinum analogues with 3-hmpy ligands led to the discovery of biological active platinum (II) compound with *trans* geometry possessing two 3-Hmpy ligands, compound **2**. Recently, compound **2** was demonstrated as equally cytotoxic in various human cisplatin-sensitive T24 bladder carcinoma cells and IGROV 1 ovarian carcinoma cells, and in cisplatin-resistant IGROV 1/RDDP ovarian carcinoma cells compared to cisplatin.[@j_raon-2017-0034_ref_021] In the present study, the cytotoxicity of compound **2** using clonogenic assay was determined in another pair of cisplatin-sensitive and cisplatin-resistant cells, TBLCl2 and TBLCl2Pt, respectively. Similarly, equal sensitivity of cisplatin-sensitive TBLCl2 and cisplatin-resistant TBLCl2Pt cells was observed, suggesting that compound **2** partially overcomes the mechanisms of resistance to cisplatin ([Table 1](#j_raon-2017-0034_tab_001){ref-type="table"}, [Figure 1](#j_raon-2017-0034_fig_001){ref-type="fig"}). Thus, compound **2** could be potentially used in treatment to cisplatin resistant tumours alone or combined with other treatments, such as irradiation, in combination with other chemotherapeutics.

![Survival of SA-1 sarcoma **(A)**, TBLCI2 sarcoma **(B)** and TBLCI2Pt sarcoma cells **(C)** after treatment with cisplatin (CDDP) or compound **2** or cisplatin electrochemotherapy (ECT CDDP) or compound **2** electrochemotherapy (ECT Compound **2**), determined using a clonogenic assay. Data are presented as the arithmetic mean and standard error of the mean (AM±SE) of triplicates pooled from three independent experiments. The survival of cells treated with electrochemotherapy was normalized to the survival of cells treated with electric pulses alone. The survival of SA-1, TBLCl2 and TBLCl2Pt cells treated with electric pulses alone was 0.96 ± 0.05, 0.93 ± 0.09 and 0.92 ± 0.10, respectively.](raon-51-295-g001){#j_raon-2017-0034_fig_001}

###### 

IC~50~ values after electrochemotherapy with cisplatin or compound 2 in various mouse tumour cell lines

                       SA-1                                                         TBLCI2   TBLCI2Pt                                                                                                                          
  -------------------- ------------------------------------------------------------ -------- ------------------------------------------------------------ ------ ------------------------------------------------------------- ------
  CDDP                 276.7[^‡^](#j_raon-2017-0034_fn_001){ref-type="table-fn"}             180.0[^‡^](#j_raon-2017-0034_fn_001){ref-type="table-fn"}           926.6[^‡^](#j_raon-2017-0034_fn_001){ref-type="table-fn"}     
  Compound **2**       500.0[^\*^](#j_raon-2017-0034_fn_004){ref-type="table-fn"}            220.0[^\*^](#j_raon-2017-0034_fn_004){ref-type="table-fn"}          1066.6[^\*^](#j_raon-2017-0034_fn_004){ref-type="table-fn"}   
  ECT CDDP             28.3[^♦^](#j_raon-2017-0034_fn_007){ref-type="table-fn"}     9.8      8.0[^♦^](#j_raon-2017-0034_fn_007){ref-type="table-fn"}      22.5   12.0[^♦^](#j_raon-2017-0034_fn_007){ref-type="table-fn"}      77.2
  ECT Compound **2**   80.0                                                         6.3      41.0                                                         5.4    206.7                                                         5.2

IC~50~ = dose of drug which reduced cell survival to 50%; EF = enhancement factor for electroporation of cells, calculated on the bases of IC~50~ of electroporated and non-electroporated cells;

p (\< 0.05) statistically significant difference compared to treatment with cisplatin electrochemotherapy (ECT CDDP);

p (\< 0.05) significant difference compared to treatment with compound **2** electrochemotherapy (ECT Compound **2**)

p (\< 0.05) statistically difference compared to treatment with compound **2** electrochemotherapy.

Knowing that cell membrane is the main barrier for drug import in cells, electroporation as the drug delivery method (electrochemotherapy) could be used for increasing the amount of compound **2** in the cell, thereby achieving the increased cytotoxic effectiveness of compound **2**. The cytotoxicity of cisplatin or compound **2** electrochemotherapy was evaluated using a clonogenic assay in cell lines with different intrinsic sensitivities to cisplatin (sensitive TBLCl2, moderate sensitive SA-1 and resistant TBLCl2Pt cells) to obtain reliable results for the cytotoxic effect of compound **2** compared to cisplatin. Electrochemotherapy using either drug significantly decreased IC~50~ value in all tested cell lines. The most potentiated cytotoxic effect of cisplatin electrochemotherapy was observed in cisplatin-resistant TBLCl2Pt cells, resulting in a 77-fold decrease in IC~50~ value, as previously demonstrated (79-fold).[@j_raon-2017-0034_ref_025] However, in moderately cisplatin-sensitive SA-1 cells and cisplatin-sensitive TBLCl2 cells, the reduction in IC~50~ value was less pronounced in cells exposed to cisplatin electrochemotherapy, and the determined decrease in IC~50~, up to 23-fold ([Table 1](#j_raon-2017-0034_tab_001){ref-type="table"}), was in the range of previously published data (10.5-fold in SA-1 and 24-fold in TBLCl2 cells).[@j_raon-2017-0034_ref_025],[@j_raon-2017-0034_ref_037] Using electroporation to increase compound **2** uptake into the cells improved cytotoxicity, resulting in an enhancement factor of 6.3-fold in SA-1 cells, 5.4-fold in TBLCl2 and 5.2-fold in TBLCl2Pt cells. However, the potentiation in the cytotoxic effect of compound **2** electrochemotherapy was significantly lower compared to cisplatin electrochemotherapy, but reflecting a similar enhancement factor in cisplatin-resistant TBLCl2Pt and cisplatin-sensitive TBLCl2 cells ([Table 1](#j_raon-2017-0034_tab_001){ref-type="table"}, [Figure 1](#j_raon-2017-0034_fig_001){ref-type="fig"}), compound **2** still represents a promising drug for further testing.

Since electroporation of cells with cisplatin renders cisplatin-resistant TBLCl2Pt cells to equal level of sensitivity as cisplatin-sensitive cells, and IC~50~ values were statistically non-significant, consistent with the data obtained in a previous study.[@j_raon-2017-0034_ref_025] These data indicate increased membrane permeability as the predominant mechanism for the improved cytotoxicity of cisplatin. In fact, the same amount of platinum in both, cisplatin-sensitive TBLCl2 or cisplatin-resistant TBLCl2Pt cells induced equal cell killing.[@j_raon-2017-0034_ref_025] Furthermore, the platinum content measured after electrochemotherapy with cisplatin or short 5 minutes incubation with cisplatin alone was comparable in both, cisplatin-sensitive TBLCl2 and cisplatin-resistant TBLCl2Pt cells.[@j_raon-2017-0034_ref_025] In contrast, significant higher IC~50~ value determined after compound **2** electrochemotherapy (5-fold higher) in cisplatin-resistant TBLCl2Pt cells compared to cisplatin-sensitive TBLCl2 cells suggests the involvement of other mechanisms besides membrane permeability, such as transport mechanisms (influx or efflux of drug), increased level of thiol molecules in cells, enhanced DNA repair, tolerance to DNA damage and cell death decrease.[@j_raon-2017-0034_ref_004]-[@j_raon-2017-0034_ref_006] The function of compound **2** differs from that of cisplatin. Compound **2** induces severe conformational changes in plasmid DNA, suggesting that once in the cell, compound **2** likely induces few reparable or irreparable DNA damages, which are reflected in delayed apoptosis.[@j_raon-2017-0034_ref_021]

Electrochemotherapy with cisplatin or compound **2** efficiently delayed tumour growth *in vivo* {#j_raon-2017-0034_s_003_s_002}
------------------------------------------------------------------------------------------------

Until recently, few trans-Pt(II) complexes were evaluated *in vivo*. The analogues of transplatin (*trans*-\[PtCl~2~(NH~3~)~2~\]) with one NH~3~ exchanged with pyridine or 4-methylpyridine had no effect in the S180 sarcoma tumour model.[@j_raon-2017-0034_ref_039] In P388 leukaemia an evident antitumour effectiveness was obtained with compound having one iminoether instead of an amine ligand.[@j_raon-2017-0034_ref_040] However, the replacement of two amine ligands with dimethylamine and isopropylamine failed to improve the antitumour activity in human CH ovarian carcinoma, reflecting its extracellular inactivation after binding to plasma proteins.[@j_raon-2017-0034_ref_041] These results indicate the nature of the ligand as an important player in the biological activation of *trans*-Pt(II) compounds. Recently, we showed the promising biological activity of *trans*-Pt compound **2** with both amino groups replaced with pyridine derivate containing hydroxyl group, 3-Hmpy. Interestingly, a comparable antitumour effectiveness of treatment with triple intravenously administered compound **2** in sarcoma SA-1 tumours to cisplatin was obtained.[@j_raon-2017-0034_ref_021]

To evaluate compound **2** as a potential chemotherapeutic drug in combination with electroporation, for the induction of subcutaneous tumours, the same mouse sarcoma tumour cell lines as used *in vitro* (moderately cisplatin-sensitive SA-1 cells, cisplatin-sensitive TBLCl2 and -resistant TBLCl2Pt cells) were selected. Since *in vitro* data have shown sarcoma cells as resistant to compound **2** (high IC~50~), the purpose of the research was to evaluate whether the intrinsic resistance of these cells is reflected in tumours *in vivo*. The route (intratumoural or intravenous) of drug administration plays an important role in drug distribution and toxicity to normal tissues. In some cases, electrochemotherapy with intratumoural injection of cisplatin showed evident antitumour potential over systemic administration, reflecting a higher concentration of the drug obtained in tumours and lower concentration in normal tissues during electroporation.[@j_raon-2017-0034_ref_034],[@j_raon-2017-0034_ref_042] Furthermore, compound **2** pharmacologically behaves differently compared to cisplatin, and more platinum in serum and tumour was observed.[@j_raon-2017-0034_ref_021] According to these observations, in the present study, the single intratumoural administration of drug was used to potentially induce less side effects of the treatment and achieve the highest drug concentration in the tumours at the time of electroporation. In general, the antitumour effectiveness of treatment with compound **2** alone was less pronounced compared to cisplatin in all tumour models with intrinsically different sensitivity to cisplatin ([Table 2](#j_raon-2017-0034_tab_002){ref-type="table"}, [Figure 2](#j_raon-2017-0034_fig_002){ref-type="fig"}). Treatment of moderately cisplatin-sensitive SA-1 tumours with cisplatin alone resulted in a significant delay of tumour growth compared to compound **2**. Regarding the route of drug administration in SA-1 tumours, triple intravenous[@j_raon-2017-0034_ref_021] or single intratumoural injection resulted in comparable antitumour effectiveness of cisplatin alone. However, the delay of tumour growth after triple intravenous administration of compound **2**[@j_raon-2017-0034_ref_021] was more pronounced (up to 2.2 days) compared to single intratumoural administration of compound **2** in the present study. Furthermore, antitumour effectiveness was less evident in cisplatin-sensitive TBLC12 and cisplatin-resistant TBLCl2Pt as in moderately cisplatin-sensitive SA-1 tumours, indicating different intrinsic features of the tumour models examined, particularly the mechanisms of resistance to cisplatin. Several efforts to overcome the mechanisms of cisplatin resistance, *i*.*e*., using approaches to decrease glutathione level, affect DNA repair, activate signal transduction pathways leading to cell death and increase cisplatin accumulation, have been used.[@j_raon-2017-0034_ref_005],[@j_raon-2017-0034_ref_017],[@j_raon-2017-0034_ref_023],[@j_raon-2017-0034_ref_025],[@j_raon-2017-0034_ref_043]-[@j_raon-2017-0034_ref_046] The predominant mechanism of cisplatin resistance in TBLCl2Pt cells was suggested as the membrane restriction of cisplatin uptake.[@j_raon-2017-0034_ref_025] Thus, electroporation could be used to overcome the resistance to cisplatin and potentiate antitumour effectiveness of cisplatin, as previously demonstrated in variable tumour models.[@j_raon-2017-0034_ref_019],[@j_raon-2017-0034_ref_025],[@j_raon-2017-0034_ref_028],[@j_raon-2017-0034_ref_034],[@j_raon-2017-0034_ref_037],[@j_raon-2017-0034_ref_042] Application of electric pulses to the tumours alone insignificantly delayed tumour growth in all tested tumour models and the data are consistent with previous studies.[@j_raon-2017-0034_ref_025],[@j_raon-2017-0034_ref_028],[@j_raon-2017-0034_ref_038] However, combined treatment of intratumoural injection either of cisplatin or compound **2** shortly before application of electric pulses, significantly potentiated (up to 3-fold) antitumour effectiveness in all tumour models, but less prominent effects were observed with compound **2**. As expected, most pronounced antitumour effectiveness after single electrochemotherapy treatment was obtained in cisplatin-sensitive TBLC12 tumours, resulting in 67% tumour cures after cisplatin electrochemotherapy and 11% tumour cures after compound **2** electrochemotherapy. Notably, cisplatin or compound **2** alone did not delay growth of cisplatin-resistant TBLCl2Pt tumours, but electroporation potentiated antitumour effectiveness of either of the drugs used, resulting in prolonged tumour 2.2-fold and 1.6-fold growth delay, respectively ([Table 2](#j_raon-2017-0034_tab_002){ref-type="table"}, [Figure 2](#j_raon-2017-0034_fig_002){ref-type="fig"}). These data suggest that compound **2** electrochemotherapy as an appropriate alternative therapy in cisplatin-resistant tumours or tumours with acquired cisplatin-resistance. Studies using electroporation to improve the antitumour effectiveness of newly synthesized chemotherapeutic are scarce. Among the reported studies, two ruthenium (III) compounds, KP418 ((imH)\[*trans*-RuCl~4~(im)~2~\], im=imidazole) and KP1339 (Na\[*trans*-RuCl~4~(in)~2~\], in=indazole), administered intravenously, were used in combination with electroporation.[@j_raon-2017-0034_ref_047]-[@j_raon-2017-0034_ref_048] However, significant antitumour effectiveness was only obtained with KP1339 electrochemotherapy in SA-1 tumours, while electrochemotherapy with KP418 has no significant effect on tumour growth delay in SA-1 and in B16F1 melanoma tumours. Although, the type of administration of KP1339 was different (intravenously), at equimolar doses, its antitumour effectiveness was comparable to the effect of compound **2**. To our knowledge, only one synthesized platinum (II) compound with 3-Hmpy ligands, 3P-SK, was used in combination with electroporation in recent study of our research group.[@j_raon-2017-0034_ref_019] In that study, similar to the results of the present study, the antitumour effectiveness of local application of electric pulses after intratumoural administration of 3P-SK was less pronounced compared to cisplatin. Still, 3P-SK electrochemotherapy significantly reduced growth of mouse MCA mammary carcinoma tumours and cured 14% of tumours.[@j_raon-2017-0034_ref_019] Overall, considering the 3-fold potentiation in antitumour effectiveness of compound **2** electrochemotherapy compared to the 2-fold potentiation obtained after 3P-SK electrochemotherapy[@j_raon-2017-0034_ref_019], compound **2** may potentially be more biologically active. Moreover, the potentiation level in antitumour effectiveness of compound **2** electrochemotherapy compared to cisplatin electrochemotherapy, varied between 1.6- and 3-fold, suggesting that different transport mechanisms and intracellular mechanisms of action between compound **2** and cisplatin could be involved in tumour responses ([Table 2](#j_raon-2017-0034_tab_002){ref-type="table"}, [Figure 2](#j_raon-2017-0034_fig_002){ref-type="fig"}).

![Tumour growth and animal body weight change after cisplatin or compound **2** electrochemotherapy in mouse sarcoma tumours; SA-1, TBLCl2 and TBLCl2Pt. Mice (6-12 per group) were treated with intratumoural injection of cisplatin (CDDP, 13.3 mmol/kg) or compound **2** (13.3 mmol/kg) or with local application of electric pulses at 1 minute after drug injection (ECT CDDP; ECT Compound **2**; 8 pulses, 1300 V/cm, 100 μs, 1 Hz). Data are presented as the arithmetic mean and standard error of the mean (AM±SE) of tumour volumes.\*p (\< 0.05) significant difference compared to treatment with cisplatin electrochemotherapy](raon-51-295-g002){#j_raon-2017-0034_fig_002}

###### 

Antitumour effectiveness of electrochemotherapy with cisplatin or compound 2 in mouse sarcoma tumours; SA-1, TBLCl2 and TBLCl2Pt

                       SA-1   TBLCl2                                                          TBLCI2Pt                                                                                                                                                                   
  -------------------- ------ --------------------------------------------------------------- ---------- --- --- -------------------------------------------------------------- ----- --------- --- -------------------------------------------------------------- ----- ---
  Control              10     1.7±0.2                                                                    0   8   2.8±0.3                                                              0         6   3.1±0.2                                                              0
  EP                   10     3.1 ±0.3                                                        1.4        0   8   5.1±1.0                                                        2.3   0         6   4.2±0.9                                                        1.1   0
  CDDP                 10     5.2±1.0[^‡^](#j_raon-2017-0034_fn_010){ref-type="table-fn"}     3.5        0   8   5.3±0.7[^‡^](#j_raon-2017-0034_fn_010){ref-type="table-fn"}    2.5   0         6   3.4±0.5[^‡^](#j_raon-2017-0034_fn_010){ref-type="table-fn"}    0.3   0
  Compound **2**       12     2.3±0.3[^\*^](#j_raon-2017-0034_fn_013){ref-type="table-fn"}    0.6        0   9   3.5±0.5[^\*^](#j_raon-2017-0034_fn_013){ref-type="table-fn"}   0.7   0         6   3.2±0.3[^\*^](#j_raon-2017-0034_fn_013){ref-type="table-fn"}   0.1   0
  ECT CDDP             12     15.8±2.2[^\*^](#j_raon-2017-0034_fn_013){ref-type="table-fn"}   14.1       0   9   11.6±1.0                                                       8.8   6, 66.6   6   7.6±0.9[^\*^](#j_raon-2017-0034_fn_013){ref-type="table-fn"}   4.5   0
  ECT Compound **2**   12     5.1±0.4                                                         3.4        0   9   9.4±1.8                                                        6.6   1, 11.1   6   5.1±0.6                                                        2.0   0

EP = application of electric pulses; CDDP = cisplatin, intratumoural injection at a dose of 13.3 mmol/kg; Compound **2**-intratumoural injection at a dose 13.3 mmol/kg; ECT = electrochemotherapy, application of EP at 1 minute after intratumoural injection of CDDP or compound **2**; DT = tumour doubling time; GD = tumour growth delay; CR = complete response; AM = mean; SE = standard error of the mean;

p (\< 0.05) significant difference compared to treatment with CDDP electrochemotherapy;

p (\< 0.05) significant difference compared to treatment with compound **2** electrochemotherapy.

In addition, animal body weight, behaviour and locomotion as indicators of animal wellbeing were monitored after cisplatin or compound **2** electrochemotherapy. Single treatment with intratumoural administration of compound **2** and application of electric pulses induced significantly less body weight loss compared to cisplatin. The animals showed a loss of body weight up to 6 days after treatment (approximately 6%) and recovered thereafter ([Figure 2](#j_raon-2017-0034_fig_002){ref-type="fig"}). These results are consistent with those of a previous study, showing that animals bearing SA-1 sarcoma lost significantly less body weight after triple intravenous administration of compound **2** compared to cisplatin.[@j_raon-2017-0034_ref_021] However, the body weight loss obtained after single intratumoural administration of compound **2** compared to triple intravenous administration of compound **2** was less pronounced, indicating that the intratumoural administration of compound **2** was less toxic. Since electrochemotherapy with compound **2** demonstrates fewer side effects on animal wellbeing and despite less pronounced antitumour effectiveness compared to cisplatin, further studies are warranted, particularly for testing the repetitive treatment of tumours with electrochemotherapy.

Electrochemotherapy with cisplatin or compound 2 increases platinum uptake in tumour and amount of platinum bound to DNA {#j_raon-2017-0034_s_003_s_003}
------------------------------------------------------------------------------------------------------------------------

To clarify whether the antitumour effectiveness of electrochemotherapy either with compound **2** or cisplatin was consistent with increased uptake of the drug in the cells and partially clarify the pharmacology of the drugs used, the amount of platinum was measured in tumours, serum and bound to the DNA. Previous studies have determined an increase in platinum accumulation after application of electric pulses in various mouse tumours (sarcoma (SA-1, LPB) and carcinoma (EAT) tumours), which consequently improve the antitumour effectiveness of cisplatin.[@j_raon-2017-0034_ref_027],[@j_raon-2017-0034_ref_029],[@j_raon-2017-0034_ref_034] To prevent the washout of drug from the tumour and ensure the highest concentration in SA-1 tumours, electric pulses were delivered at 1 minute after intratumoural injection, as previously optimized in an EAT tumour model.[@j_raon-2017-0034_ref_034] Measurement of platinum amount using ICP-MS in the present study demonstrated electroporation as an effective delivery method for compound **2**, transplatin analogue, and cisplatin. An approximately significant 2-fold increase of platinum in tumours was achieved, resulting in pronounced antitumour effectiveness ([Figure 3](#j_raon-2017-0034_fig_003){ref-type="fig"}). Initial level of platinum amount in tumours treated with compound **2** alone or compound **2** electrochemotherapy was 1.3-fold higher compared to cisplatin. In addition, the wash out of platinum from the tumours treated with cisplatin or compound **2** alone was up to 1.5-fold quicker compared to tumours treated with electrochemotherapy using either of the drugs. The initial platinum amount in the tumours at one hour after the treatment with drug alone or with electrochemotherapy was reduced up to 48% and up to 18%, respectively, indicating the binding of tested drug to the proteins in serum, in extracellular tumour matrix and transport into the cell. In fact, the aromatic ring of pyridine and hydroxyl groups participates in non-covalent interactions between platinum compound and DNA.[@j_raon-2017-0034_ref_009], [@j_raon-2017-0034_ref_011], [@j_raon-2017-0034_ref_014], [@j_raon-2017-0034_ref_018]-[@j_raon-2017-0034_ref_020] Furthermore, triple intravenous administration of compound **2** compared to cisplatin resulted in significant higher platinum amount in tumours and serum, 4-fold and 40-fold, respectively.[@j_raon-2017-0034_ref_021] Similarly, significantly higher concentration (up to 39-fold) of platinum concentration in serum of animals treated either with compound **2** alone or compound **2** electrochemotherapy compared to cisplatin correlated with more platinum in tumours ([Figure 3](#j_raon-2017-0034_fig_003){ref-type="fig"}). Altogether, compound **2** exhibits a different pharmacology compared to cisplatin, which could affect tumour responses. Compared to the pharmacology of cisplatin, other mechanisms could be involved in tumour responses to electrochemotherapy. In particular, the drug distribution in tumours depends on tumour vascularization and the content of tumour extracellular matrix, which plays an important role before application of electric pulses. Vascular disruption, reduced oxygenation and induced immune responses greatly contribute to tumour responses.[@j_raon-2017-0034_ref_035]-[@j_raon-2017-0034_ref_036],[@j_raon-2017-0034_ref_049]-[@j_raon-2017-0034_ref_050]

![Platinum amount in sarcoma SA-1 tumours **(A)**, platinum amount in the serum **(B)** and platinum amount bound to DNA in the cells isolated from SA-1 tumours **(C)**. Animals (8 per group) were treated with intratumoural injection of cisplatin (CDDP, 13.3 mM) alone or compound **2** (13.3 mM) alone or with local application of electric pulses 1 minute after intratumoural drug injection (ECT CDDP; ECT Compound **2**; 8 pulses, 1300 V/cm, 100 μs, 1 Hz). The data are presented as the arithmetic mean and standard error of the mean (AM±SE) obtained from 8 samples. \*p (\< 0.05) under **(A)** and **(C)** statistically significant difference compared to corresponding drug treatment only; \*p (\< 0.05) under **(B)** statistically significant difference compared to cisplatin or cisplatin electrochemotherapy.](raon-51-295-g003){#j_raon-2017-0034_fig_003}

DNA is considered the main intracellular target of cisplatin and its analogues. Hence, to clarify that antitumour effectiveness of electrochemotherapy primarily depends on increased drug uptake, the amount of platinum bound to DNA was evaluated as an indicator that compound **2** escaped binding to intracellular thiol proteins and reached DNA ([Figure 3](#j_raon-2017-0034_fig_003){ref-type="fig"}). Indeed, in tumours treated with electrochemotherapy compared to the drug administration only, approximately 2-fold higher platinum binding to DNA was achieved, correlated with pronounced antitumour effectiveness ([Figure 3](#j_raon-2017-0034_fig_003){ref-type="fig"}). Similarly, the higher level of platinum in tumours and serum in animals treated with compound **2** electrochemotherapy compared to cisplatin was reflected in a significantly (approximately 3-fold) higher amount of platinum bound to DNA. However, the antitumour effectiveness was less evident. Overall, a 4-fold increase of platinum bound to DNA was obtained in tumours treated with compound **2** compared to cisplatin. *In vitro*, despite the enhanced accumulation of a trans-platinum (II) compounds, either with amine, oxine or piperidine ligand, in tumour cells, the cytotoxicity remained comparable or lower than that of cisplatin.[@j_raon-2017-0034_ref_051]-[@j_raon-2017-0034_ref_053] Thus, the increased accumulation and binding capacity to DNA obviously are not crucial for cytotoxic potential of compounds, suggesting the importance of the mode DNA interaction and DNA repair. Thus, depending on the ligand in *trans* platinum compound a monofunctional and bifunctional adducts can be formed with DNA.[@j_raon-2017-0034_ref_009]-[@j_raon-2017-0034_ref_010],[@j_raon-2017-0034_ref_054]-[@j_raon-2017-0034_ref_056] Recently, we demonstrated the formation of severe conformational changes in plasmid DNA after treatment with compound **2**, and consistent with the findings using other transplatinum analogues[@j_raon-2017-0034_ref_009],[@j_raon-2017-0034_ref_054],[@j_raon-2017-0034_ref_056], the formation of bifunctional DNA crosslinks was suggested. Additionally, the effectiveness of DNA repair mechanisms may also render compound **2** less cytotoxic compared to cisplatin. Moreover, the route of drug administration to some extent affected the level of platinum bound to the DNA. Approximately 14% more platinum bound to DNA was obtained after intratumoural compared to the intravenous administration of either compound **2** or cisplatin.[@j_raon-2017-0034_ref_021] Thus, as 80% of cisplatin in blood circulation is bound to proteins, primarily albumin, this difference could be expected, suggesting less free cisplatin molecules reached tumour nodule.[@j_raon-2017-0034_ref_057]-[@j_raon-2017-0034_ref_058] Taken altogether, the pharmacology of compound **2** seems to differ from cisplatin, involving binding to the proteins in blood circulation, in tumour extracellular matrix and accumulation in cells. The accumulation of cisplatin in the cell is not fully understood. Cisplatin could enter in cells through passive diffusion and facilitated or active transport mediated through membrane transporters (the Copper transporter 1 (CTR1) and 2 (CTR2); the P-type copper-transporting ATPases ATP7A and ATP7B, multidrug and toxin extrusion transporters).[@j_raon-2017-0034_ref_007] Currently, little is known about the accumulation of transplatin or its analogues. Active transport was demonstrated to play an important role in accumulation, independent of transporter CTR1 and ATP, depending on protein ATP7B and CTR2.[@j_raon-2017-0034_ref_006],[@j_raon-2017-0034_ref_008] The details of compound **2** transport mechanisms and its interaction with biological molecules and antitumour effectiveness need further investigation.

Conclusions {#j_raon-2017-0034_s_004}
===========

In summary, compound **2**, a *trans*-Pt(II) analogue with two 3-Hmpy ligands, shows potential for electrochemotherapy treatment *in vitro* and *in vivo*. Electroporation increased compound **2** cytotoxicity up to 6-fold *in vitro* and antitumour effectiveness up to 3-fold *in vivo*, but it had less evident effects compared to cisplatin. The underlying mechanism of antitumour effectiveness of electrochemotherapy could be increased drug uptake, and an approximately 2 times higher amount of platinum in the tumours was reflected to the same extent in higher amount of Pt bound on its target of action to the DNA. Based on the compound **2** electrochemotherapy cytotoxicity and antitumour effectiveness in cisplatin-resistant tumour model TBLCl2Pt, this molecule could potentially be used in the treatment of tumours with intrinsic or acquired resistance to cisplatin. To improve the antitumour effectiveness of compound **2** electrochemotherapy, multiple treatments should be tested in the future. Furthermore, compound **2** could be used in combination with other chemotherapeutics, affecting different targets, immunotherapy, vascular-targeted therapy or irradiation; however, further studies are warranted.
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